We report on the formation of hollow MgO particles by excimer laser ablation of bulk Mg in water and aqueous solutions of sodium dodecyl sulfate (SDS) and sodium citrate (SC). Lamellar nanostructures of Mg(OH) 2 also formed in water, but the formation could be avoided by the addition of SDS or SC. Laser ablation produced not only Mg species that were oxidized into MgO and Mg(OH) 2 in water, but also cavitation bubbles. The bubble interfaces trapped the MgO nanoparticles to decrease the surface free energy of the system, finally resulting in hollow particles.
Introduction
Pulsed laser ablation in liquid (PLAL) has become an attractive method for nanoparticle generation in the past decade [1] [2] [3] [4] [5] [6] [7] . Generally, PLAL only produces solid nanoparticles that form by cooling of laser melted solid drops or through the classical nucleation and growth process in the liquid [1] , while twoand three-dimensional novel nanostructures have been also reported [2, 4, 5] . Very recently, we found that KrF excimer laser (248 nm) ablation of bulk Pt, Ag, Cu, Zn, Al, Si, Fe-Ni alloy, TiO 2 and Nb 2 O 5 in water or aqueous solutions could generate hollow micro-and nanoparticles [8] [9] [10] [11] [12] . The formation of these hollow particles (HPs) was considered to be assisted by laser-produced bubbles via bubble surface pinning by clusters or particles [8, 11, 12] . This mechanism provides a new paradigm to fabricate HPs directly from bulk materials. However, its applicability to other materials needs further exploration and a detailed scenario needs to be established. The formation of hollow particles depends critically on the properties of target materials. Compared with other materials that we have investigated [8] [9] [10] [11] , only the Al target has a strong tendency to generate HPs by excimer laser ablation in liquid [12] . One may wonder whether this is because Al has a low melting point. However, the melting point of Zn is even lower, but HPs were hard to produce by excimer laser ablation of Zn in water [11] . Another property of Al is that it is very reactive, and this suggests that other highly reactive metals could also generate HPs by excimer laser ablation in liquid.
In this paper, we extend our hypothesized mechanism to Mg, a metallic material that is even more reactive than Al, and find that MgO HPs can be generated by excimer laser ablation of bulk Mg in water. However, lamellar nanostructures (LNs) of Mg(OH) 2 also formed during the ablation process. By the addition of ionic surfactants, such as sodium dodecyl sulfate (SDS) and sodium citrate (SC), to the water, the formation of Mg(OH) 2 LNs could be avoided, making MgO HPs the main products. Pulsed laser ablation of Mg in water and aqueous solution of SDS has been studied before by using Nd:YAG lasers with output wavelengths of 355 nm [13] or 1064 nm [14] . However, only Mg(OH) 2 nanostructures have been obtained, without observation of HPs, indicating that the excimer laser is beneficial to HP generation. The formation of the MgO HPs will be discussed and a detailed scenario of the bubble surface pinning mechanism described.
Experimental details
A Mg target (Kurt J Lesker, 99.95%) was placed on the bottom of a rotating glass dish filled with 4 mm depth of liquid. A 0957-4484/11/265610+08$33.00 A transmission electron microscope (TEM, Philips CM12) equipped with selected area electron diffraction (SAED) and a field emission scanning electron microscope (SEM, JEOL JSM-6330F) equipped with energy-dispersive x-ray spectroscopy (EDS) were used to characterize the products. XRD patterns were collected on an x-ray diffractometer (Bruker D8) with Cu Kα radiation.
Results and discussion

Structure analysis
The structures of the products fabricated by excimer laser ablation of Mg under different experimental conditions were identified by XRD. Figures 1(a) 
Morphology characterization
The morphologies of products were characterized by SEM and TEM. Figure 2 shows the SEM images of products prepared in water with laser fluence of 7.5 J cm The observation of HPs in the products fabricated with different ablation times and laser fluences shows that the formation of MgO HPs is a general phenomenon during excimer laser ablation of Mg in water. Since this study is aimed at MgO HPs, avoiding the formation of Mg(OH) 2 LNs is desirable. We found that it can be achieved by adding SDS or SC into water, which has been demonstrated by the XRD patterns of figures 1(e) and (f). Only peaks from Mg, O and Al (from the sample holder) appear, and no Na, S or C elements from residual surfactants can be detected.
Formation of MgO and Mg(OH) 2
The MgO might be first generated by PLAL and then reacted with water to form Mg(OH) 2 . Condensation of the laser-induced plasma will produce mixed species from Mg and water, namely, Mg atoms or clusters, atomic and molecular hydrogen and oxygen, and water vapor. The Mg atoms/clusters, which are highly reactive, will react with the oxygen and/or water vapors and form MgO. Another possibility to form MgO is the reaction of Mg with soluble oxygen in the water. However, this is unlikely, since even with laser ablation in degassed water (as noted in table 1) MgO HPs could still form (see figure 3(a) ). The Mg(OH) 2 could not form in the hot plasma because Mg(OH) 2 will begin to decompose into MgO at ∼330
• C [15] . When the MgO clusters are dispersed into water and during the decrease of their temperatures, some of them will react with water and form Mg(OH) 2 by the reaction [16] MgO + H 2 O → Mg(OH) 2 .
(1)
When the MgO species are finally cooled down, some will remain as MgO. The mechanism that prevents the formation of Mg(OH) 2 by SDS and SC is likely due to surfactant protection of MgO clusters by capping of anion layers that hinder the reaction of MgO with water.
The mechanism of HP generation by PLAL
In our previous reports [8, 11, 12] , we proposed that hollow particles generated by PLAL were due to the attachment of laser-produced clusters in the liquid to the interfaces of laserinduced bubbles, and we believe that this is also the reason for the formation of MgO HPs. Laser ablation in liquid not only produces MgO nanoparticles and/or Mg(OH) 2 lamella, but also cavitation bubbles. Laser-produced bubbles during excimer laser ablation of Mg can be observed in the video of the supporting information (available at stacks.iop.org/Nano/ 22/265610/mmedia). The video with frame size of 474 μm × 352 μm was recorded using an ArF excimer laser system (our KrF excimer laser is not equipped with a CCD camera). The laser-induced bubbles are dynamic, and grow up to a maximum radius R m and then shrink [17] . An enriched scenario for forming hollow particles on laser-induced bubbles is described as follows. During the laser ablation in liquid, the ablation plume is confined by the liquid and a bubble grows with the plume. The plume expands and rapidly cools down within the bubble, resulting in condensation and formation of clusters. Therefore, there are two possible routes for the attachment effect. First, the clusters are in the bubble and accumulate on the bubble interfaces during the bubble oscillation, especially during the collapse period, because the momenta of the clusters and bubble interface are in inverse directions. Second, the clusters are dispersed in liquid around the bubbles, including the laser-induced bubbles and metastable ultramicroscopic bubbles from collapsed bubbles [18] , and are attached to the bubble interfaces. In both cases, the attachment of clusters will restrict the interface motion. Once a bubble interface absorbs enough clusters they begin to encounter each other; a cluster network or layer will form, which finally halts the interface motion. For oscillating bubbles, this is also more likely to occur during the collapse period, while the interface shrinks and thus the areal density of clusters increases. Thus, even a micro-bubble, such as those shown in the video of the supporting information, still has the chance to generate a hollow nanoparticle. Depending on the local temperature, the clusters may form a hollow aggregate or even melt to form a smooth layer, which could provide a template for further nucleation and growth of a hollow particle with thicker shell.
In this scenario, clusters from the liquid may play a primary role. The possibility to trap enough clusters by this route strongly depends on the concentration of clusters and the oscillation time of the bubbles, which allows more clusters to diffuse to the interface. In our previous research [10] , the hollow permalloy aggregates could only form after a long ablation time (4 h), which had increased the concentration of primary nanoparticles. In another study [12] , the proportion of HPs in the Al 2 O 3 products increases with increasing particle size. With the hypothesis that larger HPs are formed on larger bubbles, the possibility of forming an HP is determined by the bubble size. The bubble's lifetime is given according to Rayleigh's formula [19] , which describes the time t c required for total collapse of a bubble from R = R m to 0:
where ρ L is the density of the liquid, P ∞ is the ambient pressure and P v is the vapor pressure.
Thermodynamic requirement of the mechanism
The attachment of laser-produced clusters to the interfaces of laser-induced bubbles must satisfy the thermodynamic requirement, namely, the free energy of the system must decrease. If the cluster was originally in the liquid, the energy change of the attachment of the cluster to the bubble interface would be G = −πr
where r is the radius of the cluster, γ is the surface tension of the liquid-bubble interface, and θ is the contact angle of the cluster with the liquid. If originally the cluster was in the bubble, then the energy change would be
Equations (3) and (4) also give the energy barrier E b that hinders the escape of the cluster by,
Since typically θ < 90
• for liquid on metal or oxide surfaces [20] , the energy barrier for the cluster to escape into the liquid would be smaller, thus E b can be written as
Considering an oxide cluster (e.g., MgO), the typical contact angle of water on the oxide surface is 30
• -40
• ; then E b > 0 and the energy barrier will keep the cluster on the bubble interface. In contrast, hydroxide clusters (e.g., Mg(OH) 2 ) are very hydrophilic [21] , namely, θ ≈ 0, thus E b ≈ 0 and a hydroxide cluster would be unlikely to stay on the bubble interface due to the lack of an energy barrier. This is the reason why MgO could form hollow particles, but Mg(OH) 2 does not.
Kinetic requirement
In this scenario, a laser-induced bubble must trap enough clusters to form an HP and the clusters mainly come from the liquid. Then the clusters should have enough time to diffuse to the bubble interface, which in turn requires a long lifetime of the bubble. We consider that the atomic and/or molecular hydrogen, the byproduct of the formation of MgO in water, has played an important role. The hydrogen may not only provide cavitation nuclei for the laser-produced bubbles, but also increase the stability of the bubbles. The Rayleigh formula assumes the bubble has no gas content. For water at 20
• C, ρ = 998.2 kg m −3 , P = 100 kPa, P v = 2.33 kPa, one finds t c for a bubble with R m = 10 μm is only 0.9 μs. However, if the bubble contains gas, the lifetime of the bubble is largely determined by the mass diffusion of the gas from the bubble to the liquid, and the time required for complete diffusion is [19] 
where ρ G is the density of the gas in the bubble, D is the diffusion coefficient of the gas in the liquid, c s is the saturated concentration of the gas at the bubble interface and c ∞ is the ambient concentration. The typical value of (c s − c ∞ )/ρ G is 0.01 [19] , and D = 4.25 × 10 −9 m 2 s −1 for hydrogen in water at 20
• C [22] , thus, for a bubble with R m = 10 μm, t cs is about 1.2 s. This time is much longer than t c for a bubble without gas content. Thus, the gas content will greatly increase the stability of the bubble and provide a larger chance to trap enough diffusive MgO nanoparticles.
